Abstract. Recently, we demonstrated a significant increase of an oxidized nucleoside derived from RNA, 8-hydroxyguanosine (8OHG), and an oxidized amino acid, nitrotyrosine in vulnerable neurons of patients with Alzheimer disease (AD). To determine whether oxidative damage is an early-or end-stage event in the process of neurodegeneration in AD, we investigated the relationship between neuronal 8OHG and nitrotyrosine and histological and clinical variables, i.e. amyloid-␤ (A␤) plaques and neurofibrillary tangles (NFT), as well as duration of dementia and apolipoprotein E (ApoE) genotype. Our findings show that oxidative damage is quantitatively greatest early in the disease and reduces with disease progression. Surprisingly, we found that increases in A␤ deposition are associated with decreased oxidative damage. These relationships are more significant in ApoE ⑀4 carriers. Moreover, neurons with NFT show a 40%-56% decrease in relative 8OHG levels compared with neurons free of NFT. Our observations indicate that increased oxidative damage is an early event in AD that decreases with disease progression and lesion formation. These findings suggest that AD is associated with compensatory changes that reduce damage from reactive oxygen.
INTRODUCTION
Several studies have now established the association of neuronal oxidative stress with Alzheimer disease (AD) (1, 2) . This stress is manifested by damage to proteins (3) (4) (5) , lipids (6, 7) , and nucleic acids, i.e. nuclear and mitochondrial DNA (8, 9) as well as RNA (10) . Apolipoprotein E (ApoE) ⑀4 allele (corresponding protein, ApoE4), a major risk factor for AD, is associated with oxidative damage in vitro (11) , in transgenic models (12) , and in brain tissue of cases of AD (7, 13, 14) . Nevertheless, it is still controversial whether oxidative stress plays an early role in the disease, or alternatively, is secondary to the histopathological changes in AD, amyloid-␤ (A␤) deposits and neurofibrillary tangles (NFT). Although in vitro studies support an important role for A␤ in oxidative balance, some of them argue A␤ is the cause (15, 16) , while others argue A␤ is the result (17) (18) (19) of oxidative stress.
In this study, we address the chronological issue of oxidative stress in a series of cases of AD with different duration of disease by examining the levels of 8-hydroxyguanosine (8OHG), an oxidized nucleoside derived from RNA, and nitrotyrosine, a protein modification. Our analysis focused on oxidative damage to RNA and a noncrosslink protein adduct, because there is no evidence that such modifications are accumulated. This means that their levels more accurately reflect steady-state balance rather than the history of oxidative damage, as often happens for oxidative crosslink modifications to protein (20) . Evaluation of relative levels of these oxidative markers in vulnerable neurons in cases of AD with various densities of histopathology enabled us to investigate the relationship between oxidative stress, histological alterations, disease duration, and ApoE genotype in AD. Our findings indicate that oxidative damage to neuronal RNA and protein is an early event in AD pathogenesis, in agreement with our recent study in Down syndrome where we found that neuronal oxidative stress precedes A␤ deposition (21) . Surprisingly, levels of both RNA and protein oxidation decrease with duration of disease and with increased histopathology. These findings suggest that the histopathology of AD is linked to compensatory cellular changes that reduce oxidative stress.
MATERIALS AND METHODS

Tissue
Brain tissue was obtained at autopsy from 22 clinically and pathologically confirmed cases of AD (9 males and 13 females; ages 57-93 yr, average 78 yr) using NIA and CERAD criteria (22, 23), as well as from a consecutive series of 17 controls without dementia (12 males and 5 females; ages 62-86 yr, average 74 yr). The cases of AD were not preselected based on any feature analyzed in this study. Postmortem intervals prior to fixation were 2 to 23 hours (h). Duration of dementia (3-16 yr, average 8.2 yr) was known from clinical records in 16 AD cases. The ApoE genotype of the AD cases was determined for all 22 AD cases by standard procedures (24) and found to be ⑀4/ ⑀4 (n ϭ 3); ⑀3/ ⑀4 (n ϭ 11); ⑀3/ ⑀3 (n ϭ 5); ⑀2/ ⑀4 (n ϭ 1); ⑀2/ ⑀3 (n ϭ 2). The ApoE ⑀4 allele frequency was 0.41, which is consistent with the results from a study of 679 subjects with AD (⑀4 allele frequency ϭ 0.46) (25) . Hippocampal slices (ϳ1-cm thick and including the surrounding subiculum, entorhinal cortex, and adjacent temporal neocortex) were fixed in methacarn (methanol: chloroform: acetic acid, 6:3:1) for 16 h at 4ЊC, dehydrated through graded ethanol followed by xylene, and embedded in paraffin. Six-m-thick sections were cut and mounted on Silane (Sigma)-coated glass slides.
Immunocytochemistry and Antibodies
Following deparaffinization with xylene, sections were hydrated through graded ethanol. Endogenous peroxidase activity in the tissue was eliminated by a 30-minute (min) incubation with 3% H 2 O 2 in methanol and nonspecific binding sites were blocked in a 30-min incubation with 10% normal goat serum (NGS) in Tris-buffered saline (150 mM Tris-HCl, 150 mM NaCl, pH 7.6). To detect oxidized nucleosides, we used a mouse monoclonal antibody against 8OHG, 1F7 (26) (1:30; gift of Regina M. Santella, Division of Environmental Sciences, School of Public Health, Columbia University, New York) after treatment with 10 g/ml proteinase K (Boehringer Mannheim, Indianapolis, IN) in PBS (pH ϭ 7.4) for 40 min at 37ЊC. Immunostaining was developed by the peroxidase-antiperoxidase procedure (27) by using 0.75 mg/ml 3,3Ј-diaminobenzidine cosubstrate in 0.015% H 2 O 2 , 50 mM Tris-HCl, pH 7.6 for exactly 10 min. Although 1F7 recognizes RNA-derived 8OHG as well as DNA-derived 8OHdG with similar binding affinities (26), we have confirmed that 1F7 immunolabeling in neurons in AD is predominantly in RNA by the pretreatment with DNase or RNase (10) as well as by immunoelectronmicroscopy, which showed that most 8OHG is present in the endoplasmic reticulum. Additionally, protein oxidation was studied in 7 cases of AD, assessing the level of nitrotyrosine with a monoclonal antibody, 7A2 (5) (1:100; gift of Joseph S. Beckman, Department of Anesthesiology, University of Alabama, Birmingham, AL). Nitrotyrosine was used as a marker since nitration is not directly related to protein crosslinking and alterations that make protein resistant to turnover. Furthermore, while nitrotyrosine was initially thought to be specifically derived from peroxynitrite attack of tyrosines, more recent studies suggest that in AD, nitrotyrosine is also generated by peroxidative nitration (Cash, Perry, and Smith, unpublished observations). To estimate comparative levels of cellular RNA, we performed the methyl green-pyronin method (28) that differentially stains DNA and The majority of colloidal gold is associated with ribosomal structures, which is consistent with our previous finding that cytoplasmic RNA species, possibly ribosomal RNA, transfer RNA, and/or messenger RNA, are major target of nucleic acid oxidation in vulnerable neurons (10) . Indirect immunogold. Scale bar ϭ 1 m.
RNA. We confirmed the specificity for RNA by showing that RNase treatment [RNase A (Sigma), 1 mg/ml for 16 h] removes methyl green-pyronin positive staining for RNA. Only nuclei remain stained blue, indicating DNA resistant RNase. Conversely, treating with DNAse I and S1 nuclease (Boehringer Mannheim; 10U/l of each for 16 h) removes all nuclear staining, leaving red cytoplasmic and faint nuclear staining, indicating RNA resistant to DNase. We carefully controlled the pH (4.8) of the staining solution, the staining period (45 min), and steps of the final dehydration (4 dips in 95% ethanol followed by 4 dips in absolute ethanol). Reproducibility of the staining method was confirmed by the indistinguishable findings made when adjacent serial sections were stained.
A␤ deposits of senile plaque were immunostained with a mouse monoclonal antibody, 4G8 (1:1,000, Senetek, St. Louis, MO), specific for A␤ 17-24 amino acids. Neurofibrillary tangles (NFT) were identified by immunostaining with a mouse monoclonal antibody to phosphorylated , AT8 (1:500, Biosource International, Camarillo, CA) or rabbit antiserum to (29) (1:1,000), as well as by counterstaining the sections with Congo red and viewing under plane polarized light. Additionally, sections of 3 AD cases were double immunostained with 1F7 and the antiserum to , by using the alkaline phosphataseantialkaline phosphatase method with fast blue BB-naphthol AS-MX and the peroxidase-antiperoxidase method with diaminobenzidine, respectively.
Brain ultrastructural localization of 8OHG with IF7 was performed in a 67-yr-old AD patient who was not part of the series, and with a postmortem interval of 1.5 h. The tissue was fixed in 2% paraformaldehyde, 0.5% glutaraldehyde, 0.5 mM calcium chloride, 0.1 M sodium cacodylate (pH 7.4). Vibratome sections (60 m) were treated with 10 g/ml proteinase K (Boehringer Mannheim) in PBS (pH 7.4) for 40 min at 37ЊC prior to application of IF7. Immunoreaction was detected with goat antiserum to mouse Ig conjugated to collodial gold (17 nm) (30) . Following immunoreaction, the tissue was fixed in 2.5% glutaraldehyde and postfixed in 1.0% OsO 4 . The specimens were dehydrated and embedded in Spurr's medium, sectioned at 60-100 nm, contrasted with lead and uranyl salts, and examined in a JEOL100CX electron microscope at 80 kV.
Relative Scale of 8OHG and A␤ Deposition
All measurements were performed in stratum pyramidale of prosubiculum adjacent to the CA1 field of hippocampus using a Quantimet 570C Image Processing and Analysis System (Leica) linked to a COHU Solid State Camera mounted on a Leitz Laborlux 12 ME ST microscope.
The intensity of immunoreaction with 1F7 was evaluated by measuring the average optical density (OD) in an area comprising the cytoplasm and nucleus, as we described previously (10) . Three adjacent fields (each field ϭ 460 m ϫ 428 m) were selected, and in each field of the video camera, 5 pyramidal neurons sectioned near their equator (based on a section plane that included the nucleolus) were selected and outlined manually so that the ratio of the area of the nucleus to cytoplasm was rather constant. The nucleus was included because damage to RNA was nuclear as well as cytoplasmic. The average OD measurement was obtained for each of the 3 fields and averaged. Finally, the OD value was corrected for background by subtracting the OD of the white matter on the same section.
For the measurement of the extent of A␤ deposition, 3 adjacent fields were selected to include the same area used to measure 1F7 immunoreactivity in an adjacent serial section. The area of A␤ deposits immunostained with 4G8 was determined with gray scale thresholding according to the methods used by Hyman et al (31) . The sum of the areas of A␤ deposits was divided by the total area to give the percentage of A␤ burden.
All measurements were done under the same optical and light conditions, as well as using an electronic shading correction to compensate for any unevenness that might be present in the illumination. Statistical analysis was performed with ANOVA or Mann-Whitney U-test, as well as log-linear regression analysis, Spearman's rank correlation, and Kendall's rank correlation, using StatView 4.11 program (Abacus Concepts, Berkeley, CA).
RESULTS
In cases of AD, 8OHG immunoreactivity was prominent in the neuronal cytoplasm in the hippocampus, subiculum, and entorhinal cortex, as well as temporal neocortex (Figs. 1A, 3A) . Ultrastructural examination ϩϩϩ, very strongly positive; ϩϩ, strongly positive; ϩ, positive; Ϯ, faintly positive.
* The area of amyloid ␤ (%) was evaluated in the hippocampal prosubiculum in immunostained sections (4G8).
PMI, postmortem interval. showed that the majority of 8OHG immunoreactivity was associated with ribosomes in the endoplasmic reticulum; most mitochondria showed no detectable 8OHG (Fig. 2) . Among the cases of AD, there was considerable individual variation of the immunointensity of 8OHG (Fig. 1A,  C) . This variation could not be explained by differences in levels of RNA, since sections stained with the methyl green-pyronine method showed similar intensity among all the AD cases (Fig. 1B, D) . We also found variation in the immunointensity of nitrotyrosine with a concordance to changes in 8OHG. That protein and nucleic acid immunointensities coincided suggests that the variation of either reflects global levels of oxidative damage (Table  1) .
When we investigated relative levels of immunointensities, we observed that AD cases with abundant A␤ plaques showed the least intense immunostaining of neuronal 8OHG (Fig. 3) . The same relationship was noted between the protein oxidation marker, nitrotyrosine immunoreactivity, and percentage of A␤ burden (Table 1) . Relative scale measurements for immunointensity of neuronal 8OHG and area of A␤ burden (%) revealed a significant inverse relationship between the levels of neuronal 8OHG and the extent of A␤ burden in AD (p ϭ 0.0001) (Fig. 4A ). Among our AD cases, we found a positive relationship between the percentage of A␤ burden and duration of dementia (p Ͻ 0.01) (Fig. 4C) , and therefore, it is not surprising that neuronal 8OHG levels were also inversely related to disease duration (p Ͻ 0.03) (Fig. 4B) .
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Fig. 4 . Relation of neuronal 8OHG, levels of A␤ deposition and disease duration in cases of AD, with ApoE4 (᭡) or without ApoE4 (᭝), and in controls (⅜). A: Relative scale measurements of neuronal 8OHG immunoreactivity and area of A␤ burden (%) in the prosubiculum of 22 AD cases and 17 agematched controls. Levels of neuronal 8OHG decrease exponentially with increasing A␤ burden in AD, while in controls no significant association is noted between them. In AD cases, Spearman's rank correlation coefficient (r s ) isϪ0.84 (p ϭ 0.0001). This inverse relationship among cases of AD is statistically significant in the ApoE4-positive group (᭡) (n ϭ 15, r s ← ϭϪ0.86, p Ͻ 0.002) but only equivocal level in the ApoE4-negative group (᭝) (n ϭ 7, p ϭ 0.05). B: Similar pattern of exponential decrease in neuronal 8OHG is noted by increasing disease duration (r s ϭϪ0.59, p Ͻ 0.03). C: In those cases, the percentage of A␤ burden increases as a function of the disease duration in a linear fashion (r ϭ 0.66, p Ͻ 0.01). This linear relationship is statistically significant in ApoE4-positive cases (᭡) (n ϭ 7, r ϭ 0.64, p Ͻ 0.03) but not in ApoE4-negative cases (᭝) (n ϭ 4, p Ͼ 0.08).
When the AD cases were divided into ApoE ⑀4-positive and ApoE ⑀4-negative groups, we noted that those cases carrying ApoE ⑀4 showed a significant correlation between neuronal 8OHG and percentage of A␤ burden, while those lacking ApoE ⑀4 showed only an equivocal level of statistical significance, as summarized in Table  2 . No direct effect of ApoE ⑀4 was detected on the levels of 8OHG since there were no significant differences in the 8OHG levels between ApoE ⑀4-positive and ⑀4-negative groups (p Ͼ 0.2 by Mann-Whitney U-test), as well as among 3 different groups of ApoE genotype, ⑀4/⑀4, ⑀3/⑀4 and ⑀3/⑀3 (p Ͼ 0.5 by ANOVA). A␤ burden increases in a linear fashion as a function of the disease duration. This correlation was statistically significant among all AD cases (p Ͻ 0.01), among those carrying ApoE ⑀4 (p Ͻ 0.03; the reduced significance of ApoE ⑀4 cases compared to all AD cases, n ϭ 22 versus n ϭ 15, is due to reduced number of cases), but not in those lacking ApoE ⑀4 (p Ͼ 0.05) (Fig. 4C) , suggesting that the relationship of increased A␤ with disease duration is ApoE ⑀4-dependent. This heterogeneity in the amount of A␤ with duration in ApoE ⑀4-positive versus ApoE ⑀4-negative groups may explain in part why there has been controversy about whether A␤ burden increases with the progression of AD. However, we found significantly higher percentage of A␤ burden (p Ͻ 0.03 by MannWhitney U-test) in ApoE ⑀4-positive cases (average, 4.1% [⑀4-homozygotes, 4.0%; ⑀4-heterozygotes, 4.1%]) than ApoE ⑀4-negative cases (2.6%), as shown in previous studies (32, 33) . The extent to which A␤ deposition is increased with disease duration is more significant in cases carrying ApoE ⑀4 than in those lacking ApoE ⑀4.
When we investigated the sections immunostained with the antibody to 8OHG and counterstained with Congo red, we observed that neurons containing NFT showed reduced 8OHG immunoreactivity. Double immunostaining with the antibodies to 8OHG and revealed little overlap between 8OHG and immunoreactivity as well as low levels of 8OHG immunoreactivity in the cytoplasm surrounding NFT (Fig. 5) . We found a significant decrease of 8OHG in NFT-positive neurons independent of the amount of A␤ burden and ApoE genotype (Table  3) . Values shown are correlation coefficients. † log (neuronal 8OHG) versus log (percentage of amyloid ␤ burden) or log (neuronal 8OHG) versus log (duration). Asterisks indicate statistically significant p-value, as **** p Յ 0.0001, *** p Ͻ 0.001, ** p Ͻ 0.01, and * p Ͻ 0.05. n.a. ϭ not available (11 controls showed no amyloid ␤ burden). n.s. ϭ not significant. Three AD cases with similar amount of A␤ burden and with ApoE ⑀3/3 genotype were selected to test the effect of NFT on the relative 8OHG levels independently of the effects of A␤ burden and ApoE genotype. In the stratum pyramidal of the hippocampus, 8OHG immunoreactivity with 1F7 antibody was measured in 5 pairs of adjacent NFT-positive and NFT-negative neurons showing nucleolus that were selected in sections counterstained with Congo red under plane polarized light.
* Values are expressed in mean (SE). ** p-values are evaluated within each case by Mann-Whitney U test.
Levels of 8OHG immunoreactivity were not related to the agonal state of the AD cases before death or to postmortem intervals (10) . Among AD cases, there was no difference in 8OHG related to cause of death, i.e. acute cardiac failure (myocardial infarction or cardiac arrhythmia; n ϭ 3), chronic heart or lung disease (congestive cardiac failure, chronic obstructive pulmonary disease, or lung fibrosis; n ϭ 6), respiratory or urinary tract infection (n ϭ 4), and emaciation (n ϭ 3) (p Ͼ 0.5 by ANOVA). In addition, no gender difference was found in either AD (p Ͼ 0.9 by Mann-Whitney U-test) or control (p Ͼ 0.3) cases.
DISCUSSION
In this study of AD, we found an inverse relationship between levels of oxidative damage to both A␤ deposits and duration of dementia. Further, formation of intraneuronal NFT was also associated with reduced oxidative damage. Our findings demonstrated not only that onset of oxidative damage is an early event in AD, but also that the level of oxidative damage observed in neurons decreases in association with the abundance of histopathology. We found similar results with Down syndrome cases, where AD neuropathology predictably forms in early life (21) , as well as in cases of familial AD (34) .
Our observations could be explained if RNA is depleted in neurons with severe pathological changes (35, 36) , however, microdensitometry showed that RNA depletion in AD is unrelated to the presence of NFT (36) . In this study, the level of 8OHG immunoreactivity was independent of the level of RNA, which was estimated by the staining intensity of the methyl green-pyronin method (Fig. 1) . Furthermore, NFT actually accumulate RNA (37) , suggesting that decreased 8OHG levels in NFT-bearing neurons reflects a bona fide decrease in damage from reactive oxygen.
Neuronal RNA oxidation increase has not only been detected in the cerebral cortex of AD (10) , but also in the substantia nigra of Parkinson disease (38) . The consequence of oxidized RNA is not fully understood; however, it has been suggested that oxidatively damaged nucleic acids may interfere with correct base pairing and could compromise the accuracy of transcription and translation (39) . In this regard, it is interesting to note the recent evidence showing protein sequence abnormalities in vulnerable neurons of AD (40) .
Possible Sources of Reactive Oxygen in AD
Our findings suggest that the changes related to increased peroxidative damage in AD are upstream pathological events that are primarily restricted to the neuronal cytoplasm. Because 8OHG is produced by the attack of hydroxyl radicals that can diffuse only nanometer distances, hydroxyl radicals must be generated in the cytosol in intimate proximity to RNA. While we do not know the source of the hydroxyl radicals, mitochondrial dysfunction (41) , intraneuronal A␤ accumulation (42) , and redox-active metals (43) are candidates, and it is tempting to consider that redox active metals bound in close proximity to RNA are involved.
Mitochondria produce superoxide radical as part of normal respiration and in greater quantities when respiration is compromised. While the superoxide radical diffuses poorly past membranes, its dismutation product, hydrogen peroxide, can diffuse freely. More importantly, in the presence of redox-active metals (e.g. iron or copper), hydrogen peroxide is the biological substrate for hydroxyl radical generation. Therefore, mitochondrial abnormalities may promote oxidative damage not only by supplying excess hydrogen peroxide, but also through lysosomal degradation of damaged mitochondria and consequent release of heme iron into the cytosol (44) .
Another candidate source of ROS in AD is redox metals bound to A␤, which can generate hydrogen peroxide directly (45, 46) . That intraneuronal A␤ accumulation is prominent at an early stage of AD, and becomes less noticeable with disease progression (42), parallels the decline of oxidative damage with abundant AD pathology or longer duration of AD shown in this study. While enrichment of redox-active metals in the senile plaques and NFT (43) supports the AD pathology as a possible source of ROS, our observations of no damage surrounding A␤ deposits and reduction near NFT in this study strongly contradict this possibility. Whether lesion-associated metals display pro-oxidant or antioxidant activity would depend on the balance among cellular reductants and oxidants in the local microenvironment (43) . In this regard, we recently found that zinc, a redox-inert antioxidant as well as a strong mediator of A␤ assembly, showed an inhibitory role in hydrogen peroxide-mediated A␤ toxicity. The deposition of A␤ may represent the redox silencing and entombment of A␤ by zinc (47, 48) .
Antioxidant Defenses in AD Brain
The activities and expression of a number of antioxidant enzymes such as Cu/Zn-and Mn-superoxide dismutase, glutathione peroxidase, glutathione reductase, and catalase have been studied in AD and could be in part responsible for the decrease in oxidative damage we observed. While generalized levels of Cu/Zn-and Mnsuperoxide dismutase are not consistently changed in AD (1), immunocytochemical studies revealed focal increases in Cu/Zn-superoxide dismutase and catalase with exact localization to NFT and senile plaques (49) , as well as coexpression of Mn-superoxide dismutase and in pyramidal neurons (50) . Furthermore, the antioxidant enzyme, hemeoxygenese-1, is localized to NFT (51, 52) . Upregulation of these antioxidant enzymes may be the mechanistic basis for the decreased RNA and protein oxidation in neurons with NFT.
ApoE and Oxidative Stress
In sporadic and late-onset familial AD, ApoE ⑀4 allele is the major genetic risk factor that lowers the average age of onset, decreases neuronal metabolism, and increases A␤ burden (32, 33, 53, 54) . Decreased glucose metabolism related to the ApoE ⑀4 allele was observed in AD subjects 2 decades before the median age of onset (55) . Moreover, the isoforms of ApoE have metal binding and antioxidant activity with E2 Ͼ E3 Ͼ E4 (56) . In this study, no direct allele-specific effect of ApoE on the levels of steady-state markers of oxidative damage was found, in contrast to the studies showing the significant association between cumulative damage of lipid peroxidation products and ApoE ⑀4 allele (7, 13, 14) (The sample size of AD subjects is similar to our study [n ϭ 22] compared to these prior studies, i.e. n ϭ 13, 28, and 21 in references 7, 13, and 14, respectively). This discrepancy may suggest a very early, or even preclinical, involvement of ApoE ⑀4 in the oxidative stress in AD. This, in turn, triggers either compensatory mechanisms against oxidative stress or further reduction in metabolic activity in advanced stages of AD that results in lower reactive oxygen production late in the disease. Interestingly, we found that an increased abundance of A␤ deposits, as well as the strong inverse correlation between A␤ deposits and oxidative stress, were associated with the ApoE ⑀4 allele.
